Nuclear architecture and gene regulation  by Fedorova, Elena & Zink, Daniele
Biochimica et Biophysica Acta 1783 (2008) 2174–2184
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamcrReview
Nuclear architecture and gene regulation
Elena Fedorova a, Daniele Zink b,⁎
a Russian Academy of Sciences, I.P. Pavlov Institute of Physiology, Department of Sensory Physiology, Nab. Makarova 6, 199034 St. Petersburg, Russia
b Institute of Bioengineering and Nanotechnology, 31 Biopolis Way, The Nanos, #04-01, Singapore 138669, Singapore⁎ Corresponding author. Tel.: +65 6824 7107; fax: +65
E-mail address: dzink@ibn.a-star.edu.sg (D. Zink).
0167-4889/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.bbamcr.2008.07.018a b s t r a c ta r t i c l e i n f oArticle history: The spatial organization o
Received 6 May 2008
Received in revised form 15 July 2008
Accepted 20 July 2008
Available online 31 July 2008
Keywords:
Nuclear architecture
Chromatin positioning
Gene regulation
Transcription factor
Chromatin dynamics
Histone modiﬁcationsf eukaryotic genomes in the cell nucleus is linked to their transcriptional
regulation. In mammals, on which this review will focus, transcription-related chromatin positioning is
regulated at the level of chromosomal sub-domains and individual genes. Most of the chromatin remains
stably positioned during interphase. However, some loci display dynamic relocalizations upon transcriptional
activation, which are dependent on nuclear actin and myosin. Transcription factors in association with
chromatin modifying complexes seem to play a central role in regulating chromatin dynamics and
positioning. Recent results obtained in this regard also give insight into the question how the different levels
of transcriptional regulation are integrated and coordinated with other processes involved in gene
expression. Corresponding ﬁndings will be discussed.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThe cell nucleus displays a high degree of spatial organization and
deﬁned nuclear functions are associated with speciﬁc nuclear sub-
structures, such as nuclear pore complexes. Also genomes within the
nucleus display a high degree of spatial organization. Relationships
between the spatial organization and the functional regulation of
eukaryotic genomes have been frequently observed. These ﬁndings
support the idea that the three-dimensional organization of a
eukaryotic genome within its natural cellular context might con-
tribute to the regulation of DNA-dependent processes.
Most widely debated is the question whether and how the spatial
organization of eukaryotic genomes is involved in transcriptional
regulation. This review will summarize and discuss corresponding
results and the focus of the review will be on mammalian genomes.
Another center of attention are dynamic movements of DNA and their
involvement in gene regulation. Recent results suggesting the involve-
ment of nuclear actin and myosin in activation-related chromatin
movements will be reviewed. In addition, the question will be
addressed how the nuclear positioning of chromatin is regulated and
integrated with other processes involved in transcriptional regulation.
2. Heterochromatin and euchromatin
In nuclei of mammals and of other eukaryotes the most obvious
form of structural genome organization is the compartmentalization
into euchromatin and heterochromatin. Heterochromatin and euchro-6478 9565.
l rights reserved.matin have ﬁrst been described by the German botanist Emil Heitz [1].
Studying moss nuclei he termed those parts of chromosomes
heterochromatin that did not appear to undergo postmitotic decon-
densation and it is generally believed that heterochromatin is highly
condensed. This view is supported by images obtained by conven-
tional transmission electron microscopy (Fig. 1).
Heterochromatin consists mainly of repetitive DNA sequences as,
for example, the highly repetitive pericentric satellite DNA, which
contributes to the so-called constitutive heterochromatin. Constitu-
tive heterochromatin contains hypoacetylated nucleosomes enriched
in histone H3methylated at lysine 9 (meH3K9). H3K9 is methylated by
Su(var)3–9 and its orthologs. MeH3K9 is bound by the heterochro-
matin protein 1 (HP1), which is a typical component of hetero-
chromatin. HP1 binds Su(var)3–9 and this interaction leads to a
positive feedback mechanism that might contribute to the propaga-
tion and maintenance of heterochromatin (reviewed in [2,3]).
Whereas methylation of H3K9 is typically found at constitutive
heterochromatin, methylation of H3K27 is often associated with
facultative heterochromatin, which is formed by speciﬁc chromoso-
mal regions including single-copy genes in a cell type- and develop-
mental stage-speciﬁc manner [4].
Both, constitutive and facultative heterochromatin are typically
found at speciﬁc nuclear sub-regions. These include in mammalian
nuclei the nuclear periphery with exception of the areas occupied by
nuclear pores (Fig.1). Also the nucleolar peripheries are preferred sites
of heterochromatin assembly (Fig. 1) [5,6]. In addition, some hetero-
chromatic domains, as, for example, part of the chromocenters in
mouse nuclei [7] assemble in the nuclear interior (Fig. 1).
The fact that heterochromatin appears to be highly condensed and
contains chromosomal regions which were regarded as inactive led to
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transcriptional activity. Furthermore, it was commonly believed that
“closed” conformations of condensed chromatin would be inacces-
sible to transcriptional activators and in this regard the degree of
chromatin condensation would play a regulatory role. This view has
recently been challenged in many ways.
Comparisons of the GFP-ﬂuorescence patterns with the DAPI
staining patterns of nuclei of HeLa cells expressing histone H2B fused
to the green ﬂuorescent protein (GFP) showed that on average
heterochromatin is only about 1.4-fold more condensed than
euchromatin [8]. The results suggested that heterochromatin becomes
more intensely stained by DNA stains like DAPI and Hoechst dyes due
to its AT-richness. Also, image data obtained by conventional
transmission electron microscopy of nuclear samples prepared using
typical ﬁxation and staining conditions might lead to an under-
estimation of the chromatin density in euchromatic regions as
suggested by data obtained by electron spectroscopic imaging [9].
Thus, the differences in the degrees of condensation between
heterochromatin and euchromatin might be much less pronounced
as suggested by data obtained by conventional transmission electron
microscopy and light microscopy of stained samples.
Furthermore, heterochromatic domains provide no diffusional
barriers for large macromolecules and GFP-tagged components of the
transcription machinery and are readily accessible [10]. Accessibility
of heterochromatic domains to transcription factors is suggested by
the ﬁnding that the transcription factors YY1 [11] and C/EBPα [12]
bind to sequences within themousemajor satellite DNA. Furthermore,
the HP1 protein, which is a major component of heterochromatin,
shows a highly dynamic binding behavior within heterochromatic
domains and rapid exchange with the nucleoplasmic pool of this
protein [13,14]. Also this ﬁnding is not compatible with the view that
heterochromatic domains are “closed”, static, and inaccessible.
In addition, the view that the degree of condensation and the
transcriptional activity of chromatin are generally functionally linked
is not in agreement with the ﬁnding that rather gene density than
transcriptional activity correlates with the degree of chromatin
condensation [15]. Furthermore, it has been found that extensiveFig.1.Higher-order arrangements of chromatin and other nuclear components. (A) Image of t
microscopy. Heterochromatin appears dark (N: nucleolus). Scale bar: 250 nm. Image repro
mainz.de/FB/Medizin/Anatomie/workshop/EM/EMAtlas.html. (B) The typical arrangements
Perinuclear and some of the perinucleolar heterochromatin is highlighted in dark-green. Peri
(CTs, red and dark-green) display a polar organization. Their AT-rich/gene-poor domains (dar
peripheries and contribute to the heterochromatin. In contrast, the GC- and gene-rich domai
contribute to the euchromatin [46]. The polar organization is based on a zig-zag arrange
chromosome backbone between the different domains is indicated in black in two of the CT
bands) can give rise to chromocenters and other heterochromatic islands in the nuclear interi
Nucleolus organizer region-bearing chromosomes are typically associated with the nucleol
domains of active transcription (yellow, for simplicity called transcription factories) are not
(left-hand CTs) [132,133]. Chromosomal R-bands (red) as well as active gene loci (light-green
active gene loci with transcription factories (yellow) and probably also with splicing speckle
from left-hand CTs) [53]). Active loci from different CTs can share the same transcription facto
can also occur within the respective CT (black loop within upper left-hand CT) and single ac
regions of the CT while inactive neighboring gene loci remain embedded within perinucle
symbolized by light-green dots). For simplicity other nuclear domains as, for example, nuclregions of the genome are transcribed and many regions assembled
into heterochromatin, like pericentric satellite DNA, are in fact also
transcribed and are not inactive as thought for a long time. Indeed,
transcription of heterochromatic repeats has been highly conserved
during evolution and has been observed in ﬁssion yeast [16], Droso-
phila [2], and mammals ([17] and citations therein). At least in yeast
and Drosophila the transcription of heterochromatic repeats is
required for the formation of heterochromatin, which involves the
RNAi pathway and processing of the transcripts into siRNAs [2,16].
Finally, genome sequencing revealed that in Drosophila, plants and
mammals heterochromatin contains many functional genes and
heterochromatin might not be so different from euchromatin as
thought for a long time [18,19].
Nevertheless, it has been shown by many examples that associa-
tions of euchromatic genes with heterochromatin, as deﬁned by its
DNA sequence composition, cytological appearance, and epigenetic
marks, correlates with silencing and possible mechanisms will be
discussed below. A working hypothesis consistent with these
seemingly contradictory observations would be that heterochromatin
and euchromatin provide special environments and that the hetero-
chromatic environment sustains the expression of heterochromatic
sequences but not of euchromatic genes and vice versa. This idea is
supported by the ﬁnding that in Drosophila variegated expression and
reduced transcription of euchromatic genes is observedwhen they are
juxtaposed to heterochromatin (the so-called position effect variega-
tion), but vice versa also variegated expression and silencing of
heterochromatic genes occurs when they are juxtaposed to euchro-
matin ([20] and references therein). Together, the ﬁndings suggest
that heterochromatin provides an environment, which is accessible
and not “closed”, but not favorable for the expression of euchromatic
genes.
In summary, the classical view that heterochromatin is highly
condensed and inactive in contrast to euchromatin does not hold true.
Furthermore, the results show that accessibility/inaccessibility does
not play a role in the transcriptional regulation of higher-order
chromatin domains and it appears that this regulatory mechanism
might be conﬁned to the nucleosomal 10 nm ﬁber. This does not meanhe nucleus of parietal cell (stomach, rat) obtained by conventional transmission electron
duced with permission from Dr. Jastrow's electron microscopic atlas http://www.uni-
of chromatin and other nuclear components are drawn on the image shown in A.
nuclear heterochromatin does not cover nuclear pores (orange). Chromosome territories
k-green, mainly corresponding to G-bands) are associated with the nuclear or nucleolar
ns (red, mainly corresponding to R-bands) are oriented towards the nuclear interior and
ment of the different chromosomal domains [44,48,49] and the zig-zag path of the
s (middle). Pericentric heterochromatin (light-blue, corresponding to chromosomal C-
or but also contributes to perinucleolar and perinuclear heterochromatin [6,46,130,131].
us and the rDNA (dark-blue) loops out into the nucleolus. Splicing speckles (pink) and
found within heterochromatin [8,46] but transcription factories are present within CTs
) associate with splicing speckles (pink) in the nuclear interior [134,135]. Interactions of
s (pink) can be associated with outlooping from the respective CT (red loops emanating
ry [116] as shown here for the loci outlooping from the left-hand CTs. However, looping
tive genes can relocate from perinuclear heterochromatin to more interior euchromatic
ar heterochromatin [52] (active and inactive gene loci at the different nuclear regions
ear bodies are not shown.
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chromatin domains and, in fact, decondensation can occur upon
transcriptional activation [21]. However, the functional signiﬁcance of
such decondensation processes is unclear and obviously they are not
involved in regulating the accessibility of higher-order chromatin
domains to the transcription machinery.
3. Chromosome territories
Besides the compartmentalization of genomes into heterochro-
matin and euchromatin the distribution of DNA onto different
chromosomes has a major impact on structural genome organization.
Thus, one of the most obvious questions is whether the chromosomal
structure of genomes might play a role in their functional regulation.
In order to obtain insight into this question it is important to
understand how chromosomes, which are visible as individual units
during mitosis, are organized in the cell nucleus, where important
functions like transcription, DNA repair, and DNA replication take
place. After it had been discussed for many decades whether
chromosomes are maintained as individual entities in the nucleus or
intermingle in a spaghetti-like fashion a major breakthrough was
achieved during the 1980s. Using non-radioactive in situ hybridization
it was unequivocally demonstrated that the DNA of individual
chromosomes is not distributed over the whole nucleus during
interphase, but remains conﬁned to a smaller subvolume, the so-
called chromosome territory (CT) [22,23].
Based on this striking observation it was assumed that CTs
provide regulatory units. This idea had a major impact on the ﬁeld
and the most important model in this regard was the interchromo-
some domain compartment (ICD) model [24,25]. Inspired by the at
those times favored idea that chromatin domains provide diffu-
sional barriers for transcription factors and regulatory complexes it
was believed that CTs would be impermeable for such factors. It
was proposed that a three-dimensional channel network, the so-
called ICD-space, would surround and separate the individual CTs
[24,25]. Furthermore, it was proposed that regulatory factors and
the transcription machinery would be conﬁned to the ICD-space
based on the assumption that CTs would provide diffusional bar-
riers for such factors. Thus, a gene locus would have to be exposed
at the surface of a CT in order to be transcribed and it was pro-
posed that the spatial arrangement of gene loci with regard to the
CT would be of regulatory importance. During the following years
modiﬁed versions of this model were developed but the idea that
the territorial organization of a chromosome plays an important
role in gene regulation remained one of the most important con-
cepts in the ﬁeld.
However, unequivocal experimental evidence supporting this idea
is lacking. Also, as discussed above, it appears that higher-order
chromatin domains do not provide diffusional barriers, which is the
central idea of the ICD model and related hypotheses. Furthermore,
recent results demonstrated extensive intermingling between neigh-
boring CTs [26]. Thus, CTs are not distinct entities well separated by
chromatin-depleted spaces.
The experimental observation that most strongly supported the
ICD model was the ﬁnding that some loci loop out from their
respective CT and the outlooping correlated with activity [27–32]. It
was believed that such outlooping reﬂects relocalization into the ICD-
space. However, more recent results suggest that outlooping is rather
related to interactions with other nuclear structures and gene loci and
these ﬁndings will be discussed below.
4. The nuclear organization of chromosome territories and their
sub-regions
As the idea that the territorial organization of chromosomes is of
functional importance had major impact on the ﬁeld, many studiesaddressed the organization and positioning of whole CTs in the cell
nucleus. The main outcome of these studies was that CTs display a
radial organization correlating with their gene density [33–35]. More
gene-rich chromosomes occupymore interior positionswhereasmore
gene-poor chromosomes are located more peripherally, and gene
density-correlated radial arrangements of chromosomes have been
conserved in vertebrates [36–39]. In addition, chromosome size-
correlated radial arrangements have been described [40] and such
arrangements appear to occur in ﬂat nuclei [41].
However, the question is whether the whole CT becomes
positioned and “drags” its individual sequences to a speciﬁc nuclear
location, or whether the position of a CT reﬂects the positioning of its
individual loci. Experimental evidence supports the latter possibility.
For instance, the nuclear orientation of translocation chromosomes
suggests that positioning is regulated at the level of chromosomal sub-
regions [33].
Concerning the questionwhich kinds of chromosomal sub-regions
are affected by positional regulation it is important to consider that
mammalian chromosomes show alternating patterns of distinct GC-
rich/gene-rich and AT-rich/gene-poor domains and these patterns
largely coincide with the chromosomal banding patterns [42].
Furthermore, active genes and in particular housekeeping genes
cluster in the gene- and GC-rich domains mainly corresponding to
chromosomal R-bands [43]. Thus, the domains corresponding to the
different chromosomal bands display distinct patterns of transcrip-
tional activity in the nucleus. This correlates with their nuclear
positioning as the bulk of the more gene-rich and active R-band
domains occupies more central positions, while many of the AT-rich
and gene-poor domains (largely corresponding to the chromosomal
G/C-bands) occupy more peripheral positions [44–46]. It is important
to note that these domains do not display a strict radial organization,
as AT-rich G/C-bands also cluster at nucleolar peripheries and at other
internal regions [46] (Fig. 1).
Accordingly, CTs adopt a polar organization in the nucleus with R-
band domains clustering at the pole of the territory located in the
nuclear interior, while G/C-bands cluster at the opposite pole [46,47].
On the basis of these results it has been predicted that chromosomes
adopt a zig-zag conformation in the nucleus [48] (Fig. 1) and the
presence of such zig-zag conformations in the nucleus has been
experimentally conﬁrmed [44,49].
What determines the distinct arrangements of the different
chromosomal domains? The gene density of chromosomal sub-
regions might play a role in determining their nuclear positioning
[50] but also the transcriptional activity of the domain has an impact
[29]. Furthermore, the activity of a single gene can be dominant in
terms of positioning over other features of sub-chromosomal regions
in the size-range of megabases [51]. The data obtained so far indicate
that the impact of different variables inﬂuencing positioning might be
different at distinct chromosomal sub-regions.
Furthermore, nuclear positioning is not necessarily regulated at
the level of larger chromosomal sub-regions. It has been demon-
strated that the human cystic ﬁbrosis (CFTR) gene and neighboring
gene loci associate independently from each other with different
nuclear regions and chromatin fractions, only in accordancewith their
individual patterns of transcriptional activity [52]. In another case it
has been shown that a small domain of about 300 kb containing 3
coordinately regulated HNF1α-dependent genes displays HNF1α
dependent repositioning [53]. Thus, it appears that, depending on
the individual chromosomal region, in some cases whole sub-regions
encompassing megabases are the units of positional regulation,
whereas in other cases positioning is regulated at the level of
individual loci or smaller domains comprising a few coordinately
regulated genes. As in many cases the nuclear positioning of
chromosomal loci correlates with their transcriptional activity, the
questions arise in which nuclear environments such positioned loci
reside and what their nuclear localization has to do with their
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following sections.
5. Silencing and interactions of euchromatic loci with
heterochromatin and with the nuclear periphery
It has been frequently observed that associations of euchromatic
loci with heterochromatin correlate with silencing. Conversely,
dissociation from heterochromatin coincides with activation. This
applies to interactions with pericentric heterochromatin organized
into chromocenters in D. melanogaster [54,55] and in murine nuclei
[56–58]. Also associations with perinuclear heterochromatin and with
the nuclear periphery correlate with silencing in Drosophila cells as
well as in mammalian cells [51,52,59–63].
Concerning the question which numbers and kinds of gene loci
interact with structures at the nuclear periphery in a given organism
the most comprehensive data set has been obtained with Drosophila
cell culture cells [63]. This study showed that about 500 loci interacted
with lamin, which forms a network underlying the inner nuclear
membrane, and a typical feature of these perinuclear loci was that
they were silenced and hypoacetylated.
Studies withmammalian cells aremore anecdotal but clearly some
loci, as the human CFTR gene and adjacent loci, strictly associate with
the nuclear periphery and perinuclear heterochromatin in their
silenced states [52], whereas other loci, as the human α-globin
locus, do not show any associations with such regions regardless of
their state of activity [64]. In addition, it has been found that although
CFTR and adjacent genes are highly conserved in vertebrates and map
to an extended region of conserved synteny in mice and in humans,
the human genes show a strict transcription-related nuclear position-
ing, whereas the murine orthologs do not [7,52]. The most straight-
forward interpretation of these ﬁndings is that some, but not all, gene
loci become positioned at heterochromatic regions for efﬁcient
silencing and that the groups of genes displaying such differential
activity-related interactions can change rapidly during evolution.
These ﬁndings also indicate that, as often in biology, it might not be
useful to seek for general rules that apply in all cases. Rather, there
appear to be many different ways how nuclear organization affects
gene regulation but not everymechanismmight be important for each
single locus.
Differential associations with perinuclear heterochromatin and
with the nuclear periphery are reﬂected by the radial positioning of
corresponding loci. Since such associations appear to be the important
transcription-related parameter, which is reﬂected by differences in
radial positioning, it is not clear how useful it is to measure changes in
the radial positioning of loci which constitutively localize in the
nuclear interior and do not interact with perinuclear heterochromatin
and the nuclear periphery at any state of activity. At least it is not
surprising that changes in the radial positioning of such loci do not
correlate with changes in their transcriptional activity [7,65].
Nevertheless, for some gene loci interactions with speciﬁc
structures at the nuclear periphery and with the perinuclear hetero-
chromatin appear to be important and, as discussed above, it is clearly
not inaccessibility which leads to silencing at such heterochromatic
regions. What is it then and which kinds of interactions are involved
in the positioning of gene loci at this particular nuclear region? The
most prominent structure at the nuclear periphery is the nuclear
lamina. This is a proteinaceous network formed by the lamins, which
underlies the inner nuclear membrane (INM) and binds to a variety of
integral proteins of the INM, such as emerin and the lamina-
associated polypeptide (LAP)2β, as well as to other proteins. Lamins
and associated proteins display many different ways of direct and
indirect chromatin binding in vitro [66,67]. The best in vivo evidence
that this might play a role in chromatin positioning comes from the
observation that mutations in lamins or in INM proteins associated
with human degenerative diseases lead to disruption of the peri-nuclear layer of heterochromatin [68,69]. Also, transgenic loci show a
reduced mobility at the nuclear periphery pointing to a tethering
mechanism [70].
Lamins and associated proteins do not only bind chromatin, but
also a variety of transcriptional repressors, as, for example, the
conserved transcription factor germ cell-less and HA95 (reviewed in
[67]). Furthermore, the transcriptional co-repressor and histone
deacetylase HDAC3 has been shown to bind to emerin [71] as well
as to LAP2β [72], which induces histone H4 deacetylation [72]. Thus,
interactions with the lamina might place gene loci into an environ-
ment that favors histone deacetylation and silencing (Fig. 2). Given the
evidence that regulatory complex formation is driven by stochastic
interactions [73] the concentrations of particular regulatory factors in
speciﬁc nuclear sub-regions might play a very important role in the
control of regulatory processes.
Experimental evidence for the idea that the concentrations of
regulatory factors at the nuclear periphery create a speciﬁc environ-
ment facilitating silencing comes from experiments performed with
yeast. Although yeast lacks a nuclear lamina the nuclear periphery of
this eukaryote is enriched in factors mediating silencing [74–76] and
gene silencing is facilitated when a locus is tethered to the nuclear
periphery [77].
Does tethering to the nuclear periphery also facilitate silencing in
mammals? This question has been addressed by three recent reports
[78–80]. Kumaran and Spector [78] investigated transcription of a 4-
Mb transgene array tethered to the periphery of human U2OS-2-6-3
cells using a lamin B1 fusion. About 70% of targeted loci remained
active. This suggests that not necessarily every locus tethered to the
periphery becomes inactivated and this view is consistent with the
results of another recent report [80].
Finlan et al. [80] took advantage of Lap2β fusions for tethering
integrated transgenic lacO arrays to the nuclear periphery. The cell
lines used were derivatives of human HT1080 cells and the lacO arrays
were integrated into single loci on chromosomes 4 or 11, respectively.
Tethering the lacO arrays to the periphery induced peripheral
relocalization of adjacent chromosomal regions and even of the
whole corresponding chromosomes. Consistent with the results of
Kumaran and Spector [78] many of the blasticidin reporter genes
within the transgenic arrays remained active [80]. Importantly, the
silencing of endogenous genes was also addressed and it was found
that peripheral relocalization was associated with the dampening of
transcription of many, but not all, endogenous genes in the vicinity of
the tethering sites and also of some genes located elsewhere on
chromosomes 4 and 11. These observations show that tethering to the
periphery can lead to the silencing of endogenous loci, which results
in most cases in reduced levels of transcription and not in complete
inactivity. However, the results obtained by Finlan et al. [80] also
suggest that not necessarily every locus tethered to the periphery
becomes silenced and that the effects are gene-speciﬁc. Concerning
the question which molecular mechanisms might be involved in
silencing at the nuclear periphery the results suggested that histone
deacetylation plays a major role [80]. This is in agreement with the
ﬁndings of another recent study [79] investigating the effects of
tethering to the periphery.
Reddy et al. [79] investigated transgenic insertions harboring the
hygromycin resistance gene, which were tethered to the nuclear
periphery of NIH3T3 ﬁbroblasts by using an emerin fusion. In this case
the majority of tethered transgenic loci localizing at the nuclear
periphery were inactivated. Transcriptional repression at the nuclear
periphery was accompanied by a decrease in histone H4 acetylation
[79], which might be due to the activity of HDAC3, which associates
with emerin [71] and LAP2β [72]. These ﬁndings suggest again that
histone deacetylation is important for silencing at the nuclear
periphery.
It was shown that endogenous genes ﬂanking the insertion site of
the transgene were also repressed upon tethering [79]. However, in
Fig. 2. Regulation of chromatin positioning and of transcriptional activity at speciﬁc nuclear regions. Sequence-speciﬁc transcription factors in conjunction with chromatin
remodeling and histone modifying complexes determine local chromatin structure and histone modiﬁcations (dark-green: condensed, silenced, hypoacetylated and other “inactive”
histone marks; red with Ac: decondensed, active, hyperacetylated and other “active” histone marks). Transcription factors also play an important role in chromatin positioning
[53,87,88] and recent evidence suggests that radial chromatin positioning, interactions with the lamina, and differential associations with heterochromatic and euchromatic nuclear
areas might be determined by local chromatin structure and histone modiﬁcations and in particular by the patterns of histone acetylation [52,53,63,84] (red and green arrows
pointing to the different nuclear regions and sub-structures). The patterns of histone acetylation of the corresponding different chromosomal domains are inherited through mitosis
[136] (red and green banding pattern on mitotic chromosome) and this might provide a pathway for the re-establishment of chromatin arrangements and radial nuclear order after
mitosis (bottom, black arrows). Transcription factors are not evenly distributed in the nuclear space and transcriptional repressors (brown dots) are enriched at the nuclear periphery
[67] (brown arrow), while transcriptional activators are enriched in areas containing transcription factories [53,137] (yellow arrow). At the nuclear periphery the enrichment in
transcriptional repressors and histone deacetylase (HDAC)3-interacting with the nuclear lamina and associated INM proteins [67,72] (grey Xs) –might contribute to a reinforcement
(left, black arrows) of histone marks, positioning, and silencing of chromatin residing in this area (silenced locus: dark-green dot, perinuclear heterochromatin: light-green).
Positioning of perinuclear chromatin might be also reinforced by direct interactions of hypoacetylated chromatin with the lamina and INM proteins. At active nuclear regions (right)
trans-acting and transcription factors associated with chromatin modifying complexes regulate interactions with other structures involved in gene expression (top, black arrow),
such as transcription factories (yellow) and nuclear pores (orange) [108]. In addition, gene loci (grey) also interact with each other and such interactions can take place while loci are
associated with other nuclear structures [81,116]. Interaction with other components like nuclear pores and splicing speckles (pink) might also help to coordinate transcription with
pre-mRNA splicing and RNA export. The formation of transcription factories and of splicing speckles in the nuclear interior might be driven by self-assembly [138] on active
chromatin and chromatin poised to be active harboring corresponding histone marks and localizing in the area (black arrow, right, middle). Self-assembly on corresponding
chromatin domains and other interactions with active chromatin/chromatin poised to be active might also conﬁne these domains to the active nuclear interior. Conversely,
interactions with transcription factories and splicing speckles and other domains might stabilize and reﬁne chromatin positioning in this nuclear area and reinforce and reﬁne local
chromatin structure and histone modiﬁcations (black arrow, right, bottom).
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localizing about 227 kb away from the insertion site was not affected.
This might indicate that a delimited inactive chromosomal domain is
generated around a site of attachment. However, given the observa-
tion of the other studies that tethering to the periphery does not
necessarily lead to silencing and that the effects are locus-speciﬁc it is
also possible that this unaffected locus simply does not become
silenced at the periphery. Reddy et al. [79] also observed cell type-
speciﬁc molecular interactions between the endogenous Igh locus and
emerin as well as lamin B1. This implies that the cell type-speciﬁc
perinuclear positioning of this locus is not simply caused by
cytological proximity, but reﬂects molecular interactions with the
lamina and INM proteins.
Together, the ﬁndings suggest that tethering of endogenous as well
as of transgenic loci to the nuclear periphery can lead to silencing in
mammalian cells. The effects observed appear to depend strongly on
the individual locus. This is consistent with the view that perinuclear
localization might be involved in the regulation of some, but not of all,
endogenous loci [7]. In addition, the ﬁndings imply consistently that
histone deacetylation at the nuclear periphery is important forsilencing. However, silencing at the nuclear periphery might not
only be due to localization in an environment favoring histone
deacetylation and facilitating silencing, but also to sequestration away
from domains of active transcription, which are not present at
heterochromatic regions [46]. This view is consistent with results
suggesting that genes migrate to preassembled transcription sites and
that association with a transcription site is necessary for active
transcription [81].
But what happens then if one drives a silenced locus away from the
nuclear periphery? Corresponding experiments have been performed
with the human CFTR gene and release from the nuclear periphery has
been achieved by treatment with the histone deacetylase inhibitor
trichostatin A (TSA) [52], which leads to histone hyperacetylation.
Recent results showed that TSA impacts differential interactions of
CFTR with nuclear pore complexes (NPCs) and speciﬁcally with the
nuclear pore protein Nup93 [82], in agreement with the observed
changes in nuclear positioning. TSA-induced repositioning of CFTR
away from the periphery leads to a switch in its replication timing but
not to transcriptional activation [52,83]. This result and the strict
correlation between CFTR positioning and its transcriptional activity
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hyperacetylated euchromatin in the nuclear interior, suggests that
localizationwithin these active regions of the nucleus is necessary but
not sufﬁcient for active transcription. The ﬁnding that active
transcription does not necessarily occur if a locus is driven into the
permissive nuclear interior is not too surprising, as transcriptional
activity is regulated by many different variables including the binding
of the appropriate transcription factors. Thus, one would expect that
localization in nuclear regions favoring activity might not necessarily
lead to activity unless binding of the appropriate sequence-speciﬁc
transcription factors occurs. The appropriate combinations of tran-
scription factors required for the activity of a given gene are usually
not expressed in cell types where this gene is inactive.
6. Regulation and dynamics of chromatin positioning
The ﬁndings that TSA treatment leads to dissociation of gene loci
from the nuclear periphery in human [52] and in Drosophila cells [63]
and changes the patterns of interactions between chromosomal loci and
NPCs/Nup93 in HeLa cells [82] also shed an interesting light on the
question, how nuclear positioning is regulated. The ﬁndings strongly
suggest that chromatin modifying complexes and corresponding
patterns of histonemodiﬁcations are not only involved in the regulation
of local chromatin structures, but also in the regulation of the nuclear
positioning of gene loci and their interactions with speciﬁc sub-
structures localizing at particular nuclear regions (Fig. 2). Furthermore,
they suggest that histone hyperacetylation can lead to dissociation from
perinuclear substructures and from hypoacetylated heterochromatin
and can enhance association with hyperacetylated euchromatin [48].
This idea is further supported by the ﬁnding that a transcription-
independent correlation between histone hyperacetylation and dis-
sociation from heterochromatin has been also observed with regard to
the β-globin locus [84]. In this regard it is intriguing that HDAC3
associates with emerin and LAP2β at the nuclear periphery [71,72]. This
might not only contribute to themaintenanceof hypoacetylated inactive
chromatin at the nuclear periphery, butmight also reinforce positioning
of chromatin in this nuclear area (Fig. 2).
Also other histone modiﬁcations appear to be involved in
regulating nuclear positioning. Earlier studies showed that the
transcription factor HNF1α recruits histone acetyltransferases and
that hyperacetylation of target loci is involved in HNF1α-dependent
transcription [85,86]. In addition, a recent study demonstrated that
knock-out of HNF1α changes the patterns of H3K27, H3K9 and H3K4
methylation of HNF1α target loci in murine hepatocytes and
pancreatic islands [53]. Different patterns of corresponding histone
modiﬁcations at target loci correlated with their different radial
positioning in primary cells derived from HNF1α+/+ or HNF1α−/−
mice. Furthermore, differential associations with correspondingly
modiﬁed chromatin fractions occupying different radial positions in
cell nuclei were observed [53]. Thus, target loci were enriched in
me2H3K4 and depleted in me2,3H3K27 in HNF1α+/+ cells and
localized in the active nuclear interior enriched in me2H3K4 and
depleted in me3H3K27. The corresponding region in the nuclear
interior was also enriched in the active form of RNA polymerase II
(phosphorylated at serine 5) and also HNF1α itself was enriched in
the nuclear interior. However, target loci were enriched in me2H3K9
and me2,3H3K27 and depleted in me2H3K4 in HNF1α−/− hepatocytes
and pancreatic islands and localized under these conditions in
perinuclear chromatin enriched in me3H3K27 and depleted in
me2H3K4 and active RNA polymerase II.
As in this genetic model for human diabetes the observed changes
depended on the absence or presence of a single trans-activator [53]
the results suggest that transcription factors play a central role in
chromatin positioning (Fig. 2), in accordance with earlier results
obtained with transgenes [59,87,88]. The results also suggest that
trans-activator-dependent functions are dominant over other vari-ables impacting nuclear positioning, such as gene density [50]. In
addition, the ﬁnding that target loci displaying particular patterns of
histone modiﬁcations are associated with chromatin fractions show-
ing corresponding patterns of histone modiﬁcations suggests that
transcription factor-dependent positioning is regulated via transcrip-
tion factor-induced targeting of chromatin modifying complexes
[89,90] and corresponding changes in histone modiﬁcations [53]
(Fig. 2). The results also shed light on the question how the different
levels of regulation involved in transcription might be integrated and
suggest that transcription factors play a central role in this process
(Fig. 2).
Apart from changes in radial positioning Luco et al. [53] also
observed enhanced outlooping of active HNF1α targets from their
respective CTs in wild-type cells. Thus, outlooping from CTs, position-
ing with respect to RNA polymerase II enriched domains, as well as
positioning in distinct radial zones and in domains enriched in speciﬁc
histone modiﬁcations appear to be, at least in this case, different
experimental measurements of a single biological phenomenon. Also
other studies found that outlooping from the CT correlated with more
interior positioning [27,91–93] or with differential associations with
other nuclear structures [94]. Thus, it could be that outlooping from
the CT is only a secondary effect due to differential associations of a
locus with other nuclear regions and structures. In this sense the
relative position with respect to the CT might be without functional
signiﬁcance. This view is supported by results revealing that single
gene loci can display transcription-dependent differential associations
with different nuclear regions and chromatin fractions without
showing outlooping from the chromosome territory [52].
The dynamics of trans-activator-dependent repositioning have been
analyzed in detail after targeting the VP16 acidic activation domain
(AAD) to a transgenic array localizing at the nuclear periphery [59,88].
Migration to the nuclear interior was observed 1–2 h after targeting of
the transcriptional activator. Importantly, repositioning to the interior
was also observed after treatment with the transcriptional inhibitors
DRB and α-amanitin [59]. Furthermore, repositioning occurred when a
synthetic acidic peptide was used that did not lead to transcriptional
activation [59]. This demonstrated that transcription factor-dependent
relocalization into the nuclear interior does not require active
transcription. Intriguingly, it has been shown that targeting of the
VP16 AAD leads to recruitment of histone acetyltransferases and
histone hyperacetylation [21]. These ﬁndings are again consistent with
the idea that transcription factor-dependent nuclear repositioning does
not require trans-activator functions but rather depends on transcrip-
tion factor-induced chromatin modiﬁcations (Fig. 2).
The work of Chuang et al. [59] furthermore revealed that the
transgenic arrays moved unidirectionally during repositioning along
curvilinear paths oriented roughly perpendicular to the nuclear
envelope. Corresponding long-range movements were fast at velo-
cities of 0.1–0.9 μm/min over distances of 1–5 μm. Thus, relocalization
occurred within minutes and during extended time periods before
and after relocalization loci showed the typically observed locally
constrained dynamics (concerning constrained chromatin motions
see [70,95–97]). The fact that the observed fast long-rangemovements
were blocked after expressing mutant nuclear myosin I (NMI) and
mutant actin suggested an active mechanism for such movements
dependent on actin and myosin (results on chromatin dynamics are
summarized in Fig. 3).
This is consistent with another study suggesting that nuclear
movements of activated gene loci depend on actin. Here, it was shown
that movement of active U2 snRNA genes towards coiled bodies (CBs),
which is accompanied by outlooping from the CT and leads to
association of active U2 snRNA loci with CBs, is abolished by
expression of a nonpolymerizable actin mutant [94]. The results of
both studies [59,94] are consistent with the view that nuclear actin
and myosin provide molecular motors driving directed movements of
gene loci towards a target region. Nevertheless, direct evidence for
Fig. 3. Chromatin positioning and dynamics in mammalian cells. The rough nuclear positioning of the different chromosomal band domains (red and green bands on mitotic
chromosome on the left), which give rise to the different nuclear fractions of heterochromatin and euchromatin (red and green in interphase nuclei), is established during telophase/
early G1 [45,46] (nucleolus: blue). Inherited patterns of histone modiﬁcations as well as interactions of hypoacetylated chromatinwith the re-established nuclear lamina (black Xs at
periphery) might be important for the re-establishment of radial chromatin order. However, chromatin is still relatively mobile during early G1 [139,140]. Chromatin mobility
becomes more constrained in later G1 and from this time point on until the next mitosis (right-hand nucleus) most loci (black dots) show only locally constrained movements that
appear to be driven by Brownian motions (circular arrows) [70,95,97,141]. However, some loci show fast long-range movements (blue arrows) [142]. Fast and directed long-range
movements associated with gene activation (active loci: light-green dots) have been shown to be dependent on nuclear actin and myosin [59,94]. They can be associated with
repositioning from the nuclear periphery into the interior [59] (right-hand nucleus, top, black loop). Fast long-range movements of activated loci can also lead to their association
with coiled bodies accompanied by outlooping from the CT [94] (lower left quadrant; coiled body: brown).
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consistent with alternative scenarios [98]. For instance, actin
dependent chromatin remodeling might lead to a relaxation of
chromatin structure allowing looping of an activated locus. Diffusing
chromatin loops might then collide with other nuclear compartments
until speciﬁc molecular interactions stabilize a deﬁned association
[98]. However, although the mechanism is still unclear, it is difﬁcult to
imagine that the directed long-rangemovements observed by Chuang
et al. [59] could bemediated by random diffusion. Clearly, the question
of how nuclear actin and NMI are involved in the regulation of
chromatin structure and mobility is one of the currently most
interesting problems requiring further attention.
7. Interactions with nuclear pore complexes
Much attention has been paid to the ﬁnding that interactions with
nuclear pore components are important for gene regulation in yeast
and Drosophila [75,99,100]. In yeast, interactions with NPC-associated
proteins can play a repressive role [101,102]. However, particularly
transcriptional activation has been linked to associations with NPCs
and activation of the yeast genes GAL1, INO1, and HXK1 results in their
dynamic association with nuclear pore proteins and relocation to the
nuclear periphery [75,103–106].
In yeast and Drosophila it has been found that NPC association is
not absolutely essential for expression but is coupled with maximal
expression [105–108]. Such contributions to quantitative aspects of
gene regulation might be important, as transcriptional regulation is
often not a question of simply “on” or “off”, but involves primarily
delicate quantitative regulation. Furthermore, in both organisms it has
been observed that gene loci remain at the nuclear periphery after the
gene is shut off [103–111]. This shows that nuclear positioning plays a
role in regulating gene expression also in cases where transcription-
related repositioning is not observed.
Components of the SAGA complex are required for NPC positioning
of galactose and heat-shock-controlled promoters in yeast
[103,110,111]. Anchoring at NPCs by components of the SAGA complexand an export complex is also important for efﬁcient transcription of
the heat-shock protein 70 gene loci in Drosophila [108]. The role of
components of the SAGA histone acetyl-transferase complex in
mediating NPC interactions of gene loci again points to a central role
of chromatin modifying complexes and chromatin modiﬁcations in
integrating local chromatin structure with nuclear higher-order
organization of chromatin.
As mentioned above, histone modiﬁcations also appear to play an
important role in regulating interactions of chromosomal loci with
NPCs and in particular with Nup93 in mammalian cells [82]. It was
shown that Nup93 is preferentially associated with heterochromatic
domains and with regions of transcriptional repression in untreated
HeLa cells. However, TSA-induced global histone acetylation changed
the patterns of Nup93 interactions and led to associations of Nup93
with regions important for transcriptional regulation. These results
show that interactions of chromatin with NPCs are complex in
mammalian cells and impacted by the actual patterns of histone
acetylation.
Interactions of chromosomal loci with other nuclear structures
regulated by chromatin modifying complexes and histone modiﬁca-
tions might not only be central in integrating transcriptional
regulation with local and high-order chromatin structure, but might
also be important for coordinating transcription with other processes
involved in gene expression, such asmRNA export at NPCs. As awhole,
the ﬁndings suggest that the nuclear periphery provides a mosaic of
different regulatory domains. Interactions with NPC components are
complex and are associated with repression as well as with active
transcription. Data on the association of active loci with NPC
components have been mainly obtained with yeast and Drosophila.
However, the fact that perinuclear heterochromatin is depleted at
NPCs in mammalian cells (Fig. 1) suggests that active euchromatic loci
are residing at these regions also in mammalian cells. In fact, it has
been found that some active genes are positioned at the nuclear
periphery inmammalian cells [60,112] and also initial activation of the
murine β-globin locus appears to occur at the nuclear periphery [92],
which might involve interactions with NPCs.
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In the focus of current research interests are intra- and inter-
chromosomal interactions between different gene loci. Using RNA-
and DNA-FISH (ﬂuorescence in situ hybridization) and immuno-FISH
as well as the chromosome conformation capture (3C) technique it
was shown that distal genes from mouse chromosome 7 frequently
associate with the same site of active transcription, as detected by
immunostaining of RNA polymerase II [81]. This study provided
evidence for the idea, that such sites might represent so-called
transcription factories which have been proposed to be engaged in the
simultaneous transcription of several genes [113]. Although the
concept of transcription factories requires further evidence, we will
call for simplicity sites of active transcription enriched in RNA
polymerase II transcription factories throughout the rest of the text.
The study of Osborne et al. [81] furthermore suggested that active
genes migrate to preassembled transcription factories. The data
show that genes not engaged in transcription are not associated with
transcription factories although they can be observed in the vicinity.
The authors conclude that genes move in and out of factories,
resulting in activation and abatement of transcription. These
ﬁndings are in agreement with the observation that relocalization
of a gene into the euchromatic regions of the nucleus containing
domains of active transcription is necessary but not sufﬁcient for
active transcription [52]. Active transcription probably requires
engagement with a transcription factory and not only localization in
its vicinity and engagement likely depends on additional regulatory
steps controlled by trans-acting factors and other regulators of gene
expression (Fig. 2).
Spilianakis et al. were the ﬁrst to describe interchromosomal
interactions between different gene loci [114]. Using FISH and 3C
analysis they found that the promoter region of the interferon (IFN)-γ
gene on mouse chromosome 10 and the regulatory regions of the TH2
cytokine locus on chromosome 11 interact with each other. It is
thought that these interactions observed in naïve T cells are important
for coordinating gene expression and cell fate, as naïve T cells can
either differentiate into TH2 cells expressing interleukins mapping to
the TH2 interleukin locus or into TH1 cells expressing interferon-γ.
Upon gene activation interchromosomal interactions are lost in favor
of intrachromosomal interactions. Intrachromosomal interactions at
the INF-γ locus appear to be facilitated by SATB1-dependent loop
formation [115].
More recently, it was shown that interchromosomal interactions
also occur between the Myc proto-oncogene on mouse chromosome
15 and the Igh locus on chromosome 12 [116]. These loci are
preferentially recruited to the same transcription factory upon
transcriptional activation of these immediate early genes in mouse B
lymphocytes. As Myc and Igh are the most frequent translocation
partners in plasmacytoma and Burkitt lymphoma the ﬁndings suggest
that interchromosomal interactions at shared transcription factories
impact the incidence of speciﬁc chromosomal translocations.
In addition to their roles in regulating gene expression, inter-
chromosomal interactions also appear to play a role in coordinating X
chromosome inactivation [117]. Furthermore, intra- as well as
interchromosomal interactions involve the imprinted neighboring
loci Igf2/H19 and might be important for regulating imprinting. The
insulator protein CTCF appears to be important for mediating cor-
responding long-range interactions [118,119].
In fact, interchromosomal interactions were observed ﬁrst
between homologous human chromosome 15 territories harboring
the imprinted Angelman syndrome/Prader–Willi syndrome locus
[120]. It was believed that these interactions were required for
maintaining the opposite imprints. However, recent results suggest
that the observed interactions were most likely a side effect of the
convergence of nucleolus organizer region-bearing chromosomes,
which include chromosome 15 [121]. This suggests that results oninterchromosomal interactions have to be interpreted with care. This
view is supported by other recent ﬁndings. Using FISH and 3C analysis
the interchromosomal interactions of odorant receptor genes were
investigated [122]. In sensory neurons, only one single odorant
receptor selected from a large family of receptor genes mapping to
different chromosomes is expressed. It was found that the expressed
receptor gene interacted with the H enhancer located on chromosome
14, which suggested that corresponding interchromosomal interac-
tions were necessary for the expression of the selected active odorant
receptor gene. However, targeted deletion analysis of the H enhancer
revealed that only the expression of odorant receptor genes in ciswas
affected [123]. This highlights the necessity of functional analyses and
suggests again that some of the observed interactions are unimportant
or, at least, are not important for polymerase II-dependent transcrip-
tional regulation.
This is also indicated by another recent study. Here, it was found
that the active α- and β-globin loci colocalize in human erythroblasts,
where these genes are active [124]. However, corresponding inter-
chromosomal interactions did not appear to be related to transcrip-
tional activity but were rather related to cell differentiation. Also,
colocalization of these loci was not observed in murine erythroblasts
and it had been suggested that this different behavior of murine and
human orthologs might be due to the different chromosomal context.
However, a recent study showed that also highly conserved gene loci
from the murine and human CFTR-regions show different transcrip-
tion-related patterns of nuclear organization, despite the fact that
these loci map to an extended region of conserved synteny [7]. Future
studies will have to show to what extent species-speciﬁc inﬂuences
and the chromosomal environment affect the organization of gene
loci. It is also probable that the impact of these and other parameters
vary for different loci.
Concerning interchromosomal interactions particular attention
has been also paid to recent studies claiming that the Polycomb/
Trithorax response element (PRE/TRE) Fab-7 shows homologues
pairing in transgenic ﬂies, which would be required for silencing
and would be dependent on RNAi components [125,126]. Further-
more, it was proposed that PRE/TREs cluster at “Polycomb bodies”. The
two studies have mainly been performed with a transgenic ﬂy line
generated by Zink and Paro [127,128], which has been renamed into
Fab-X by Bantignies et al. [125]. Recent analyses of this ﬂy line and
additional lines of ﬂies with transgenic Fab-7 elements did not provide
evidence for pairing of homologous Fab-7 elements in a variety of
different larval tissues [129]. The results suggest that pairing of PRE/
TREs occurs to a limited degree in a highly tissue- and developmental
stage-speciﬁc manner and does not play a general role in Polycomb-
dependent gene regulation. Furthermore, the results provided no
evidence for the presence of “Polycomb bodies” but suggested that the
enrichments of Polycomb group proteins observed in Drosophila
nuclei rather represent the individual chromosomal binding sites of
this protein. As the previous studies [125,126] had only involved FISH
and immuno-FISH experiments this illustrates the necessity of
validating interchromosomal interactions observed by using 3C and
related approaches. In addition, as discussed above, the functional
importance of observed interactions must be validated by functional
tests.
9. Conclusions
The mammalian nucleus contains a large variety of functionally
different domains and gene loci display a large variety of differential
interactions with such domains and with other chromosomal loci.
Here, we focused on some selected nuclear domains due to space
limitations. However, even looking at the limited number of ﬁndings
selected here it appears that particular forms of transcription-related
nuclear organization are not always observed for all different kinds of
loci. Thus, some loci associatewith the perinuclear heterochromatin in
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respective CT when active, whereas others do not.
The way how nuclear organization is involved in transcriptional
regulation might depend on the individual locus and the various
impacts of other processes contributing to the regulation of that
particular locus. Therefore, it might be difﬁcult to ﬁnd general rules
how nuclear organization is involved in transcriptional regulation and
rather a variety of different mechanisms with variable impacts on
different loci should be considered.
Concerning the question how important nuclear organization is for
transcriptional regulation andwhether it plays a causal role the recent
results discussed suggest that nuclear organization might not always
be absolutely essential, but rather contributes to the efﬁciency of
transcription and subsequent processing. This might be very impor-
tant, as transcriptional regulation is often not a question of simply
“on” or “off”, but involves primarily delicate quantitative regulation.
Also, the recent results nicely underline the role nuclear organization
appears to play in the coordination of transcription with subsequent
processes involved in gene expression, as, for example, by linking
transcription with mRNA export at nuclear pores.
It is also becoming increasingly clear how the different levels, at
which transcriptional regulation occurs, become integrated and
coordinated. In this regard transcription factors and other trans-acting
factors appear to play a central role. Thus, transcription factors do not
only directly inﬂuence gene activity on the basis of the well-known
trans-activator functions, but also impact local histone modiﬁcations
and chromatin structure by their interactions with chromatin
remodeling and histone modifying complexes. Furthermore, in
conjunction with these factors they appear to mediate associations
with other nuclear domains, as, for example, nuclear pores and
transcription factories (Fig. 2) and might impact in this way also the
higher-order nuclear organization of chromatin and its functional
interactions.
An excitingnewdevelopment is theﬁnding that transcription factor-
induced activation of gene loci is associatedwithmovements over larger
distances that appear to depend on actin and myosin. This shows that
transcription factors also control, either directly or indirectly, chromatin
dynamics leading to particular higher-order activity-dependent nuclear
arrangements of chromatin. It will be fascinating to investigate in detail
the exact mechanisms underlying such rapid directed chromatin
movements associated with gene activation.
Another exciting development in the ﬁeld is the application of
more quantitative approaches, such as 4C, which allows addressing all
of the different interactions of one chromosomal locus with other
chromosomal loci. Probably the most difﬁcult part will be to prove the
functional signiﬁcance of observed interactions.
These new approaches and further analyses of the recent exciting
ﬁndings will provide manifold new insights, but they will probably
not provide simple and generally applicable answers to the question
how nuclear architecture contributes to gene regulation.
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